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Abstract
The effects of plant species richness on the function and stability of ecosystems have been an area of focus in recent 
decades. Arthropod community is one of the most important components in agroecosystems and can provide 
multiple ecosystem services, including biocontrol and pollination. In particular, species composition and biocontrol 
function can be sensitive to changes in plant species richness. Here, we designed 50 plots with five levels of plant 
species richness to examine arthropod distribution and composition over 4 yr. Arthropod richness was found to be 
positively correlated with plant species richness. High plant species richness can enhance the temporal stability 
of the arthropod community but can also lead to a decline in the population stability of some species. The species 
richness and biomass of environmentally friendly insects (EFI), such as honeybees, ants and flies, were found to be 
positively correlated with those of the natural enemies. As such, high levels of EFI could sustain food web robustness 
by serving as alternative prey/hosts for natural enemies. The mediation of EFI in the interaction between crops and 
pests has implications for successful biocontrol practices using natural enemies. Planting diverse plant species with 
a certain level of spatial turnover could benefit the biocontrol function of natural enemies and safeguard multiple 
ecosystem services.
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Sustainable agricultural practices, aiming to reduce agrochemical in-
puts into regional atmosphere, water, and soil ecosystems, have been 
promoted worldwide (Tscharntke et  al. 2012, Zhao et  al. 2016). 
Many scientists have suggested the potential of increasing crop di-
versity, including genetic diversity, for achieving sustainable pest 
management (Haddad et al. 2011, Yang et al. 2014). To this end, the 
effects of plant diversity on the production and stability of agroeco-
systems have received substantial attention worldwide.
The diversity-stability hypothesis states that the stability of an 
ecosystem could be enhanced with the increase of plant diversity 
(Elton 1958). Studies in grasslands suggest that high plant rich-
ness can indeed increase the stability and production of the plant 
community (Hooper et al. 2005, Tylianakis et al. 2007). However, 
the relationship between plant richness and the function and sta-
bility of higher trophic level communities (e.g., arthropods) was 
still largely unknown (Hurd and Wolf 1974, Cardinale 2012). Most 
field experiments have only examined this relationship indirectly 
in natural ecosystems (Scherber et al. 2010). In a long-term experi-
ment manipulating grassland plant species, high plant richness was 
found to enhance arthropod diversity and benefit pest management 
through improved temporal stability of food resources for natural 
enemies (Haddad et al. 2011).
The influence of plant diversity on the abundance and richness 
of natural enemies has been highlighted in our previous experiments 
(Zhao et al. 2013). However, how to enhance the activity of natural 
enemies and their biocontrol service by manipulating plant commu-
nity remains largely unknown (van Veen et al. 2006, Tscharntke et al. 
2012). Although some experiments have found that high plant spe-
cies richness can enhance the abundance of natural enemies and their 
biocontrol of agricultural pests, other studies have not. Two hypoth-
eses have been developed to interpret the effect of plant diversity on 
pest-natural enemy systems (Root 1973): the resource concentration 
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hypothesis (in which herbivores are more likely to find and remain 
on hosts that are growing in dense or nearly pure stands) and the 
natural enemy hypothesis (in which diversified habitats promote the 
biocontrol service of herbivores through enhancing natural enemies). 
However, the effects of plant diversity on the function and stability 
of pest-natural enemy systems has rarely been studied.
Here, we designed five levels of plant richness to examine the 
relationship between plant species richness and arthropod commu-
nities using an experimental model system (EMS). Specifically, we 
asked three questions: 1) are the effects of plant species richness and 
biomass on species richness and biomass different across functional 
groups (i.e., between pests, natural enemies, and environmentally 
friendly insects [EFI]); 2)  as per the diversity-stability hypothesis, 
will high plant species richness improve the temporal stability of 
the arthropod food web; and 3) how does the plant species richness 
affect biocontrol services? Answers to these questions would pro-




Our experimental area was located in Yishui County of Shandong 
Province, in northern China (35°48′05″N, 118°37′11″E). The region 
is relatively flat (elevation from 101 to 916 m) and has a temperate 
maritime, monsoon climate, with an annual sunshine accumulation 
of 2,421 h, an annual mean temperature of 14.1°C and a frost-free 
period of 200 d. The effective accumulated temperature (>10°C) in 
the local agricultural fields is 2,390°C. The mean annual precipita-
tion is about 849 mm, and the mean annual evaporation capacity 
is 1773.5  mm. Irrigation is widely practiced in the regional agri-
culture, and grains are produced for several economic crops {e.g., 
wheat (Triticum aestivum L. [Poales: Gramineae]), corn (Zea mays 
L. [Poales: Gramineae]), and soybean (Glycine max [L.] Merr. 
[Leguminales: Leguminosae])}, which grow mainly in the regional 
Podzol E soil.
In this EMS from 2007 to 2010 (Zhao et al. 2013), we selected 20 
primary crop plant species, including cotton (Gossypium spp.), corn 
(Zea mays L.), wheat (Triticum aestivum L.), soybean (Glycine max 
(L.) Merr.), tomato (Solanum lycopersicum L.), cabbage (Brassica oler-
acea L.), millet (Setaria italica (L.) Beauv.), sorghum (Sorghum bicolor 
(L.) Moench), ryegrass (Lolium perenne L.), red bean (Vigna angu-
laris (Willd.) Ohwi et Ohashi), peanut (Arachis hypogaea L.), mung 
bean (Vigna radiata (L.) R. Wilczek), alfalfa (Medicago sativa L.), egg-
plant (Solanum melongena L.), celery (Apium graveolens L.), white 
clover (Trifolium repens L.), sunflower (Helianthus annuus L.), bean 
(Phaseolus vulgaris L.), rape (Brassica napus L.), and sesame (Sesamum 
indicum L.), all of which are grown in the province, and grew them at 
five different species richness levels (1, 2, 4, 8, and 16 crops) (Supp. 
Table S1). We designed fifty 9 × 9 m plots that are 1 m apart (i.e., 1 
m walking pathway), with 10 plots (replicates) for each richness level, 
covering an area of 1.05 ha (70 × 150 m). For each plot, we randomly 
selected the appropriate number of species according to its richness 
level from the 20-species pool (so the same plant species richness in 
different plots could have different plant species compositions). Within 
each plot, plants were arranged in a matrix of 22 rows and 22 col-
umns (484 plants). We kept the plant composition in each plot the 
same across the years. In each plot, the total number of plants (484) 
was apportioned across the number of species assigned to the plot (Si).
Plant density and agricultural practices were kept the same in all 
plots. Herbicide was only applied to the walking pathway between 
plots before the growth of crops, to suppress weeds. No pesticides or 
chemical fertilizers, nor any other agrochemicals were applied to any 
plots. Farmland weeds were removed by hand during the growing 
period of crops.
We also designed a 5 m buffer belt surrounding the EMS. The 
buffer and EMS were surrounded by corn fields. A  complete ran-
domized block method was used to design the 50 plots. Such an ex-
perimental design can homogenize the background environment and 
largely eliminate stochastic variation among treatments. All plants 
were planted in early March of each year, with the level of plant spe-
cies richness (S) and plant arrangement kept the same year to year 
from 2007 to 2010.
Arthropod Sampling
A cross-section sampling method was used to collect arthropods 
(Zhao et al. 2013). Specifically, we only collected samples from the 
central row of 22 plants in each plot, to minimize the potential spill-
over effect caused by arthropods in the surrounding habitats and 
adjacent plots. All arthropod species and their abundance on the 22 
plants were counted and recorded by visual observation and hand 
collection. The arthropods were sampled five times each year, once 
a month from April to August. Species composition and the abun-
dance for each functional group (pests, natural enemies, and EFI) 
were recorded with visual observation of all arthropods on the lower 
leaf surface. Both the top and bottom surfaces of the leaves was in-
vestigated the abundance of insects. A magnifying glass was used to 
look for small arthropods. Each plant was examined for 10 min, for 
a total of 220 min per plot. The abundance of each arthropod spe-
cies was transformed into individuals/22 plants for further analyses.
Functional Groups of Arthropods
Arthropods were classified into three functional groups according 
to their feeding characteristics and trophic positions: pests, natural 
enemies, and EFI. Pests (such as aphids, armyworm, and cotton boll-
worm) are phytophagous arthropods that can cause great damages 
to crops. Natural enemies (e.g., parasitic wasps, lady beetles, and 
lacewings) are parasitoids or predators. EFI (honeybee, ant, and flies) 
mainly feed on pollen and plant litter without directly causing dam-
age to crops or feeding on pests. All collected arthropod species were 
identified into species level. All arthropod species were classified into 
these three functional groups for further analysis.
Biomass Measurement
To measure the biomass of the plants planted in plots, three individ-
uals of each plant species at the end of the season, including both all 
below- and above-ground parts, were randomly collected and taken 
to the laboratory for measurement of whole plant dry biomass in 
each year during the 4-yr experiments.
For small arthropods (e.g., parasitic wasps), 100 individuals of 
each species were used to estimate the mean biomass of a single indi-
vidual. For large arthropods (e.g., Coccinellidae), five individuals of 
each species were measured separately and then averaged.
The total dry organic matter of plants and arthropods (divided 
into pest, natural enemy, and EFI) was weighed after 72 h of drying 
at 60°C in an oven. The individual biomass of each arthropod spe-
cies was first determined. The population biomass was the weighted 
sum of the component species times their abundance in each plot. 
The plant biomass was obtained by the same procedure.
Statistical Analysis
To examine the effects of plant species richness and biomass on 
arthropod community (species richness and biomass), we first 
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summed the number of individuals for each arthropod species sam-
pled five times within a year to eliminate the effects of sample date. 
We further conducted a detrending analysis to exclude the temporal 
trend across years (Tilman et al. 2006). We conducted a standard-
ization process by computing the percentage of insect abundance of 
each plot in each year (from 2007 to 2010). This detrending analysis 
removed yearly dynamics of the insect community along with inter-
ference from other large-scale trends in environmental conditions 
such as temperature fluctuation.
After the above data-modification procedures, plant species 
richness and insect community (species richness and biomass) were 
designated as the fixed factor and response factor in the analysis, re-
spectively, with a covariate of plant biomass and random factor of 
plot. Furthermore, arthropod biomass values, including for each func-
tional group, were log-transformed to meet the assumption of normal 
distribution, which was a prerequisite for linear statistical analysis. 
After that, we used the partial correlation method to distinguish the 
contribution of plant species richness and biomass on the arthropod 
community (species richness and biomass of arthropod community 
including the three functional groups of pest, natural enemy, and EFI) 
by using pcor function in ggm package of R (R Development Core 
Team 2015). Finally, a regression (exponential function) was com-
puted to describe the relationship between plant species richness and 
insect community (number of species and biomass).
Effects of plant species richness on the stability of the arthropod 
community were also examined to explain community dynamics pat-
terns on different plant species richness. We calculated the stability 
of the insect community in each year in each plot as S = μ/σ, where 
μ and σ are the mean and SD, respectively (Tilman et al. 2006). In 
fact, σ/μ was the coefficient of variation for the insect community 
(increasing σ values mean an unstable community), which was the 
inverse of stability. For example, the mean and SD of insect species 
richness in each sampling period (five sampling dates from April to 
August) of 1 yr could be computed to describe the patterns of insect 
species richness and stability. Generally, a high SD (σ) of insect vari-
ables within a plot indicated high coefficients of variation and low 
stability of insect community. The stability of the three functional 
groups of pest, natural enemy, and EFI were calculated. Multivariate 
analysis of variance (MANOVA) was used to examine the relation-
ship between the stability of the arthropod community (response 
variable) and plant species richness. Plant richness and plot were 
regarded as fixed and random effects, respectively. We found no cor-
relation structure within plots, in that plot variable had no signifi-
cant effects on the stability of insect species richness for all three 
functional groups. A nonlinear logarithmic function was used in the 
regression model to describe the relationship between plant species 
richness and the stability of arthropod richness.
The biomass for each functional group (pest, natural enemy, and 
EFI) was calculated, and the biomass ratio of natural enemy to pest 
(natural enemy/pest ratio) was used as an index of the biocontrol 
service (Zhao et  al. 2013); the effect of plant richness on natural 
enemy/pest ratio was examined by analysis of variance (ANOVA). 
Species richness and natural enemy-pest ratio were independent and 
dependent variables, respectively. Plot was the random variable. In 
addition, we also examined the effects of the three functional groups 
(predators, parasitoids, and EFI) on the natural enemy/pest ratio by 
a backward stepwise procedure; for this analysis, the fixed factors 
with P < 0.05 were left in the full model. Furthermore, the polyno-
mial effects of natural enemy were tested by adding the fixed factors, 
(biomass)2 and (species richness)2 to the model. As neither of these 
factors had noticeable additional explanatory power, we considered 
the relationships between biomass and natural enemy/pest ratio to 
be linear. R 3.1.0 was used for conducting the statistical analysis 
(R Development Core Team 2015). Sigma Plot 12.5 was used for 
drawing the graphs.
Results
A total of 252 arthropod species including 75 predators, 22 para-
sitoids, 39 pests, and 16 EFI were identified during the 4-yr experi-
ment (Supp. Table S2). Plant species richness had a significant effect 
on total arthropod richness, as depicted by an exponential function 
(Table  1, Fig.  1A). Linear regression showed that arthropod bio-
mass significantly increased with increasing plant species richness 
(F = 1482.612, P < 0.001, Fig. 1B, Table 1). In contrast, plant bio-
mass had no significant effects on either arthropod species richness 
or biomass (F = −0.0633, P < 0.9497, Table 1).
Plant species richness was strongly correlated with the species 
richness of all three functional groups (pest, natural enemy, and EFI) 
(Fig. 1, Table 1). Plant species richness had no effects on the bio-
mass of pests and EFI, while having a significant effect on the bio-
mass of natural enemies in the agroecosystem (Table 1). In contrast, 
plant biomass had no effects on the biomass of arthropod, pest, and 
EFI, but did have significant effects on the biomass of natural enemy 
(Table 1).
The effect of plant species richness on the stability of pest rich-
ness was positive (F5,195 = 13.26, P = 0.001, Fig. 2A); increasing plant 
species richness significantly enhanced the stability of pest rich-
ness. Similar effects were found for the effect of plant richness on 
the richness stability of natural enemies and EFI (Natural enemy: 
F5,195 = 5.92, P = 0.001; EFI: F5,195 = 3.19, P = 0.014, Fig. 2B). In 
contrast, the biomass stability of pest, natural enemy and EFI was 
not affected by plant species richness (pest: F5,195 = 0.34, P = 0.54, 
Table  1. Effects of plant species richness and plant biomass on 
species richness and biomass of the arthropod community (Corr. 
means correlation coefficient)
Variables Corr. F P
Pest species richness
 Plant species richness 0.5264 5.7089 <0.001
 Plant biomass 0.1701 1.5910 0.1153
Natural enemy species richness
 Plant species richness 0.5342 5.8255 <0.001
 Plant biomass 0.2195 2.075 0.0411
Environmentally friendly  
insect species richness
 Plant species richness 0.3333 3.2597 0.002
 Plant biomass −0.0186 −0.1714 0.8644
Arthropod species richness
 Plant species richness 0.6297 7.4733 <0.001
 Plant biomass 0.1929 1.8135 0.0734
Pest biomass
 Plant species richness −0.1626 1.5191 0.1324
 Plant biomass −0.1701 −1.6158 0.1098
Natural enemy biomass
 Plant species richness 0.2189 2.0684 0.0416
 Plant biomass 0.0252 −0.2325 0.8166
Environmentally friendly  
insect biomass
 Plant species richness 0.2035 1.9159 0.0587
 Plant biomass −0.0323 −0.2983 0.7662
Arthropod biomass
 Plant species richness 0.9999 1482.612 <0.001
 Plant biomass −0.0068 −0.0633 0.9497
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natural enemy: F5,195 = 0.23, P = 0.76, EFI: F5,195 = 0.54, P = 0.38, 
Fig. 2C and D).
We further examined the population stability of the dominant 
15 species in each functional group (Supp. Table S3). The popula-
tion stability of 7/15 (46.7%) pest species was significantly affected 
by plant species richness; while for natural enemies, 11/15 species 
(73.3%) were significantly affected and for EFL species, 10/14 
(71.4%) were affected (Supp. Table S3).
The natural enemy/pest ratio was generally low in plots with only 
one plant species and increased significantly with increasing plant 
species richness (F5,195 = 8.85, P = 0.001, Fig. 3A). This ratio was 
also positively correlated with natural enemy biomass (F5,195 = 4.26, 
P = 0.002) and EFI biomass (F5,195 = 15.62, P = 0.001, Fig. 3B), but 
negatively correlated with pest biomass (F5,195 = 3.65, P = 0.007).
Discussion
Arthropod species richness and biomass were significantly enhanced 
by plant species richness, which is the most vital factor affecting 
plant biomass and arthropod community richness and stability 
Fig. 1. The relationship between plant species richness and community of arthropod species (A, species number; B, biomass of arthropod).
Fig. 2. The relationship between plant species richness and stability of species richness in arthropod community (A, pest; B, natural enemy; C, environmentally 
friendly insect; D, total arthropod community).
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(Morris et  al. 2004, Tylianakis et  al. 2007). Plant biomass can be 
strongly dependent on plant species richness, as demonstrated in 
several long-term experimental grassland studies, because diversi-
fied plant communities can more effectively absorb soil nutrition 
with efficient photosynthesis (Tilman et al. 1996, Tilman et al. 2001, 
Mueller et al. 2013). In addition, plant species richness can increase 
habitat heterogeneity and associated arthropod richness. Habitat 
heterogeneity, as reflected by high plant species richness, may be 
the most important mechanism mediating pest diversity (Montoya 
et al. 2003, Thies et al. 2011). In contrast, increasing plant biomass 
often leads to an increase in particular food resources, rather than 
increased diversity of food resources (Yang et  al. 2012). As such, 
only certain species benefit from increasing plant biomass due to 
species-specific. Borer et al. (2012) have reported that the frequently 
observed correlation relationships between plants and arthropods 
occur primarily via changes in plant biomass, leading to changed 
arthropod biomass (Borer et al. 2012).
The positive correlation between plant species richness and the 
temporal stability of functional groups of arthropods indicates that 
the composition of the plant community could be used to predict 
ecological functions of the insect community (O’Gorman et  al. 
2009, Macfadyen et al. 2011, Yang et al. 2014), since a highly di-
versified plant community has more spatial-temporal niches and 
food resources, making interspecific relationships more complex 
and leading to a stable arthropod community (Borer et  al. 2012). 
Higher plant species richness stabilizing the arthropod food web has 
also been observed in other long-term grassland experiments (Gross 
2009, O’Gorman and Emmerson 2009, Haddad et al. 2011), with 
findings consistent with our results. However, the population sta-
bility of a particular species may not be enhanced by plant species 
richness at a population level. Higher plant species richness can pro-
vide multiple food resources and heterogeneous habitats, which may 
enhance intraspecific competition and thus fluctuation of arthropod 
species (Fabian et al. 2013, Isbell et al. 2013, Schneider et al. 2013).
The natural enemy/pest ratio also increase with increasing plant 
species richness, indicating a clear bottom-up effect (Macfadyen 
et al. 2011, Chaplin-Kramer et al. 2013). To our surprise, biomass 
of EFI had a strong positive correlation on the natural enemy/pest 
ratio in our study. However, EFIs rarely receive attention in the bio-
control of pests, even though they may play an important role in 
as alternative prey, sustaining natural enemy populations (Chaplin-
Kramer et al. 2011, Veldtman et al. 2011). EFIs mainly provide a 
regulating service and promote a robust food web, and therefore 
they play an important role in maintaining ecological balance and 
sustaining ecological function (Brewer and Goodell 2012, Jonsson 
et al. 2012, Woltz et al. 2012). Furthermore, a low EFI biomass was 
disadvantageous to the natural enemy/pest ratio, demonstrating that 
EFIs may act as an alternative food and help maintain the robust-
ness of the food chain when pest populations are absent in fields 
(Schneider et al. 2013).
Agroecosystems have experienced major planting pattern 
shifts caused by agricultural intensification, including decreasing 
plant diversity and cropland expansion, both of which drive a 
loss of biodiversity and reduction of biocontrol services in crop 
fields (Rand and Tscharntke 2007, Blanchet et  al. 2013). Many 
other experiments have also adopted the EMS method (or micro-
cosm model) to study the relationship of plant diversity, produc-
tion, and stability in natural ecosystems (Scherber et  al. 2010), 
but this method has only rarely been applied to agroecosystems. 
Accordingly, this EMS method provides a promising and useful 
tool for studying the mechanisms of plant-arthropod food web 
interactions in agricultural ecosystems (Tylianakis et  al. 2007, 
Diehl et al. 2013).
Arthropods provide many ecosystems services, including pol-
lination and biocontrol, and as such have an important effect on 
human activity (Thies et al. 2011, Poveda et al. 2012, Rand et al. 
2012). Our results demonstrate that increasing plant species rich-
ness can maintain arthropod biodiversity, especially for natural 
enemies and EFIs, which in turn provide important ecosystem ser-
vices. High plant species richness can also enhance the stability of 
the arthropod community and facilitate the biocontrol of pests by 
natural enemies via EFIs (Blanchet et al. 2013, Lohaus et al. 2013, 
Martin et al. 2013).
Supplementary Data
Supplementary data are available at Annals of the Entomological 
Society of America online.
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